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Captive breeding is essential for salmon aquaculture and stock enhancement programs, 
but captive breeding may lead to genetic bottlenecks, inbreeding, and domestication 
selection.  To evaluate the potential for incorporating mate choice into commercial and 
conservation salmon breeding programs, I measured the effects of mate choice on 
offspring phenotype. Semi-natural spawning channels were used to compare mate-choice 
and randomly mated (hatchery) fish for performance and morphological traits. Channel-
spawned fish were out-performed by their hatchery counterparts in survival and body 
size; both genetic and environmental effects contributed to these differences.  However, 
channel-spawned fish had significantly more additive genetic variance for performance 
traits.  Gene transcription of hatchery-bred and channel-spawned fish were compared 
using microarray analysis after a temperature stress.  Few genes showed differential 
expression; however, overall transcriptional variance was lower in the channel-spawned 
fish.  Mate choice should be included in rearing programs to increase the viability and 
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1.0 GENERAL INTRODUCTION 
 
1.1 Sexual Selection and Mate Choice 
 
Sex is a major mechanism driving evolution.  Natural selection acts to maximize the 
fitness of individuals within a population first by acting on their ability to survive. 
However, if they do not successfully reproduce, they are evolutionary dead ends.  This is 
why it is important to consider sexual selection as a means by which natural selection, as 
well as mate choice, influences reproductive success.  Darwin (1871) introduced the idea 
of sexual selection and female preference as he could not explain, in the context of 
natural selection, why some animals exhibit sexual dimorphisms (e.g., ornaments) or 
behaviours that seem to impede their survival.  He defined these phenotypes, such as the 
elaborate bower decorating in bowerbirds, and long, elaborate tail feathers of the male 
peacock and bird of paradise, as “secondary sexual characteristics”.  Darwin (1871) 
suggested that some of these characteristics were selected because they contributed to 
intrasexual competitive ability (male-male competition for access to females), as in the 
antlers of cervids (de Vos et al., 1967) or the hooked snout (kype) of sexually mature 
salmon (Morton, 1965).  Other elaborations, such as colouration and excessive plumage, 
were suggested to have evolved because of a female preference for these traits, attributing 
a female aesthetic appreciation that males exploited to gain matings (Darwin, 1871). 
 Little argument was generated over Darwin’s intrasexual competition and 
weaponry argument, but the idea that females actively select mates was doubted by 
scientists for decades (Zuk, 2002).  Poulton (1890) was one of a few scientists who 
 2 
agreed with Darwin, citing observational support for mate choice.  He noted that 
colourful secondary sexual traits only occurred in species that courted each other in 
daylight, and that the colours were in places on the body that did not move rapidly, to 
maximize visibility to their potential mate (Mayr, 1972).  Trivers (1972) was the first 
scientist to bring Darwin’s idea of female preference to the forefront by considering 
differential investment in reproduction as a reason why females may want to be selective 
in allocating their limited resources to one male over another, especially in polygamous 
species with little to no male parental care.  Since then, several mechanisms have been 
suggested to explain mate choice (Andersson and Simmons, 2006): 
 
1. Direct benefits:  
Where a male offers a female protection, food, or other resources before, during or after 
coupling to improve her reproductive success, as in the common tern (Sterna hirundo) 
that feeds the female before mating and a well-fed female produces more eggs and broods 
more clutches then her counterparts (Wiggins and Morris, 1986). 
 
2. Sensory bias:  
Where males exploit a pre-existing female preference for a male trait.  This has been 
suggested in guppies, where larger and brighter orange spots on males are preferred by 
females, and the preference may have arisen from a sensory bias in females for the colour 
orange as orange-coloured fruit is a highly nutritious dietary component for these guppies 
(Rodd et al., 2002). 
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3. Runaway selection:  
Suggested by Fisher (1958), where the preference for a trait is inherited along with the 
preferred trait thereby producing daughters that prefer the trait and ‘sexy’ sons that have 
it.  The often cited example is the preference for larger stalks by the female in male stalk-
eyed flies (Burkhardt and de la Motte, 1988). 
 
4.  Indicator mechanisms: 
The ‘good genes’ hypothesis where female preference for male traits results in the 
indirect benefit of increased fitness of her offspring when male ornamentation is an 
honest indicator of his genetic quality.  Such traits confer additive genetic benefits and is 
seen in guppies where female preference for larger body size produce bigger offspring 
with better growth rates (Reynolds and Gross, 1992) and in whitefish where male 
ornamentation was positively correlated with offspring bacterial resistance (Wedekind et 
al., 2001).   
 
5. Genetic compatibility:  
There is a selective advantage for a female to choose a male that is more genetically 
‘compatible’ with her genome, thereby producing heterozygous offspring that are more 
fit than either parent.  An example where the genetic basis of the non-additive genetic 
benefits is characterized is MHC compatible alleles producing offspring less susceptible 
to parasitism in Atlantic salmon (Landry et al., 2001).  Another example is inbreeding 
avoidance in Drosophila melanogaster, which results in more viable offspring (Maynard-
Smith, 1956). 
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The vast majority of sexual selection studies focus on the correlation between 
male phenotype and female choice in non-random mating, and infer or assume that this 
reflects sexual selection without examining the phenotypes of the resulting offspring (but 
see: Wedekind et al., 2001).  Also, those studies tend not to compare their observations 
with “control” populations of the same species that mate randomly, therefore there is no 
baseline of comparison for the effects they measure.  Having a baseline for comparison is 
important because what can be perceived as a phenotype resulting from non-random 
mating because of sexual selection could actually have arisen as a result of natural 
selection. In one population of sticklebacks (Gasterosteus aculeatus), females were 
shown to normally mate with males with black bellies, where black belly morphology 
had evolved in response to predator selection for red-bellied morphs.  Black bellied 
morphs have existed in this population for 4,000 years.  However, when given the choice, 
females will choose red-bellied males 5:1. Thus in that example, natural selection is 
driving mate choice, not sexual selection at all (McKinnon, 1995).  This is also true in 
birds, where the evolution of sexual dichromatism, previously assumed to be the result of 
sexual selection for plumage colour, has in fact been shown to be influenced by historical 
patterns of development, function, and ecology, once phylogenetic reconstruction 
allowed historical comparison (Badyaev and Hill, 2003). Ideally, studies of the effect of 
mate choice on offspring phenotype should include a random-mating control population 





1.2 Sex in Chinook Salmon 
 
 Chinook salmon (Oncorhynchus tshawytscha) are anadromous and semelparous, 
and return to freshwater rivers to spawn after 2-7 years in the ocean and die shortly 
thereafter.  During the spawning season, females dig depressions in river gravel (redds) 
and males compete intrasexually for access to spawning females.  Females are well 
known to exercise choice for their mates, and have recently been shown to violently fight 
males that are coercing unwanted spawning opportunities (Garner et al., 2009).  The 
timing of the release of eggs and sperm is orchestrated through a courtship ritual that may 
involve visual and physical (quivering and cross-over) cues, as in the related landlocked 
Sockeye, or ‘hime’ salmon, Oncorhynchus nerka (Satou et al., 1991). Although not as 
pronounced as in some other Pacific salmon species (i.e. Sockeye), spawning male 
Chinook salmon develop sexually dimorphic secondary sexual characteristics including 
red hued bellies and fins, larger teeth, and a hooked upper jaw, or kype (Quinn, 2005).   
 In Chinook salmon, both males and females mate multiple times.  However males 
provide no parental care, imparting no direct benefit to their offspring, and females must 
defend their redds from other encroaching females (Berejikian et al., 2000).  Larger males 
are also more dominant in the salmon social hierarchy and may spawn more often than 
smaller fish as they obtain better spawning positions (Fleming and Gross, 1993). Mate 
choice has been documented in Chinook salmon where females preferentially spawn with 
larger males, potentially delaying spawning until a larger male challenges smaller 
courting males (Berejikian et al., 2000). Neff et al. (2008) showed that larger males with 
brighter lateral colouration sired significantly more offspring and females preferred to 
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mate with males that produced offspring with greater diversity at the major 
histocompatibility class IIB locus (MHC) in a population of Chinook salmon from the 
same aquaculture facility as the present studies. Diversity at the MHC locus has been 
correlated with increased resistance to pathogens in many fish species including 
resistance to haematopoietic necrosis virus (Novirhabdovirus) in Chinook salmon 
(Arkush et al., 2002).  Garner et al. (2009) showed that females were occasionally 
coerced into mating with MHC similar males by aggressive male attacks, indicating a 
genetic cost to females as they produced offspring with lower genetic diversity at the 
MHC locus. 
 Cryptic female choice has also been suggested in Chinook salmon as a mechanism 
for post-copulatory female mate choice (Rosengrave et al., 2008).  Rosengrave and 
colleagues (2008) demonstrated that female Chinook ovarian fluid, released as 10-30% of 
total egg volume during spawning, can chemically affect the mobility of the sperm of 




Pacific salmon have been spawned in hatcheries in British Columbia (BC) since the early 
1900s in efforts to enhance dwindling wild populations in the Fraser River (Robson, 
2006).  In 1972, BC’s first federally licensed salmon farm was opened to produce Pacific 
salmon for commercial markets (Robson, 2006).  Originally, eggs for production 
purposes were purchased from governmental hatcheries that were collecting them from 
spawning wild salmon in an effort to raise and re-stock diminishing wild populations.  
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Currently, aquaculture facilities usually maintain separate stocks of fish to use for 
spawning purposes, called ‘broodstock’.  These fish are often selected from the 
production stock for their production quality, or “performance” (e.g., fast growth, large 
body size).  Eggs and sperm of selected fish are typically mixed randomly; however the 
gametes can also be purposefully combined to select for certain production performance 
characteristics.  
 Fertilized eggs are often incubated in shallow trays arranged in stacks where there 
is constant flow-though of well-oxygenated water over the eggs.  Eggs are described as 
‘eyed’ when the eye of the developing fish can be seen through the egg casing.  The 
timing of the development of the eggs depends on the source population, water 
temperature and, possibly, selection for specific developmental timing, but hatching 
usually happens in 8°C water at about 67 days after fertilization (Quinn, 2005).  The 
newly hatched fish (alevins) will then feed off their yolk sac until it is absorbed (about 
115 days after fertilization) and they emerge as free-swimming fry and are transferred 
into freshwater tanks. At this stage Chinook fry weight about 0.2 g and are 1.5 cm in 
length (Robson, 2006).  The next significant stage in their development is smolting, 
where physiological, biochemical, morphological and behavioural changes prepare the 
salmon for a life in salt water. The timing of smolting for the fish in my study was 
approximately 8 months after fertilization, and was identified by the development of 
silvery body scales that are easily removed.    
Once smolting is complete, fish are vaccinated against known pathogens (e.g. 
vibriosis) and moved into saltwater netcages where they are grown for 2-3 years until 
they are a marketable size for harvest (>2 kg). Broodstock are selected from the 
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production fish and often transferred to and reared in separate pens.  They are usually 
selected for desirable characteristics such as high growth rate, resistance to infection and 
uniformity of size. 
 
1.4 Genetic Cost of Captive Breeding 
 
Generally, commercial broodstocks represent a very small population that is highly 
susceptible to genetic drift and founder effects (Cross and King, 1983) as well as loss of 
genetic diversity through inbreeding, domestication and artificial selection (Tave, 1999; 
Davidson et al., 1989).  This can pose major problems through the erosion of genetic 
variation present in a captive population and undermining the ability of captive 
populations to adapt to changing environmental conditions, stress and disease challenges 
as well as exacerbating the deleterious effects of inbreeding (Quader, 2005).   For 
aquaculture purposes, farmers are interested in maintaining low phenotypic variation in 
their production fish so that they will respond predictability and uniformly to farming 
conditions.  Maintaining genetic variation in the broodstock, however, is paramount to a 
successful salmon farm, as farmers rely on their ability to select for specific performance 
traits to improve their stocks and increase their profit. 
 Government and community-run stock enhancement programs have existed since 
the early 1900s to enhance wild salmon runs, and improve recreational and commercial 
fishing (Robson, 2006).  The captive raising of salmon, even if for short periods of time, 
can still affect the genetic variation of stocks through genetic drift and domestication 
selection (Fraser, 2008).  This is well known in the conservation literature and preserving 
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genetic diversity is a primary mandate of these programs (Quader, 2005).  Stock 
enhancement programs require a great deal of resources and most have been unsuccessful 
in establishing large self-sustaining populations of salmon despite the best efforts of 
governments and researchers (Quinn, 2005). 
 Exploitation of the pre-existing reproductive strategies in wild Chinook salmon 
may help in the maintenance of genetic variance for aquaculture broodstock as well as for 
conserving genetic adaptations for specific traits in stock enhancement programs.  For 
this thesis, spawning channels were constructed to mimic natural stream beds allowing 
sexually mature captive Chinook salmon to mate freely, provide opportunities for females 
to select their mates and males to fight over females.  In the following data chapters I 
measure the effects of mate choice on the phenotype of the offspring of these fish and 
compare it to ones that are bred traditionally in a hatchery.  The phenotypic variances 
between hatchery-bred and mate-choice fish are also partitioned into environmental and 
genetic effects by quantitative genetic analysis and explored through molecular 
techniques in order to study the underlying effect of mate choice on phenotype. 
 
1.5 Chapter 2 Objectives 
 
Since my ultimate goal was to improve aquaculture performance, I chose to measure 
traits that are relevant from a production perspective. To evaluate the effects of mate 
choice on offspring performance and phenotypic variance partitioning, semi-natural 
spawning channels were constructed to allow females to choose between males. I 
measured performance related traits (body size, growth, survival) as well as 11 
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morphological traits in offspring from parents allowed to mate semi-naturally and 
compared them to those that were hatchery bred.  In this thesis the implications of 
ignoring mate choice in captive breeding programs are explored and I provide 
suggestions on ways to incorporate sexual selection in salmon production. 
 
1.6 Chapter 3 Objectives 
 
 
The transcriptome as a phenotype affected by mate choice has been overlooked in the 
literature, yet the changes in the expression of genes may be an important outcome for 
female choice and is a quantifiable trait of offspring performance and quality (Andersson 
and Simmons, 2006).  In order to explore the genes affected by mate choice, I quantified 
the differences in the transcriptome between the channel-spawned and hatchery-bred fish 
using microarrays. In order to observe differences in expression, the fish were exposed to 
a heat stress, thereby increasing variation in genetic expression phenotypes. No study to 
date has explored the effects of mate choice on gene expression using a microarray.  This 
molecular technique is an effective way to study mate choice from a bottom-up 
perspective: the effect of genes on phenotype instead of measuring a phenotype and 
inferring the genetics behind it- something rarely explored in the literature (Andersson 




This study makes a valuable contribution to the literature on the effect of female 
(mate) choice on offspring performance.  It also provides one of only a few examples of 
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the quantitative comparison of the effects of mate choice and random mating on the 
additive and non-additive genetic variance, as well as maternal effects of performance 
and neutral traits.  The implications of this study are important for broodstock programs 
in aquaculture as well as stock enhancement programs. For aquaculture, integrating a 
mate choice aspect for broodstock may be beneficial in maintaining genetic variation, an 
important consideration when selection for performance traits is integral to an efficient 
production program.  Attempts at conserving wild stocks may also be improved, as 
perhaps humans have been missing key elements in Chinook salmon reproduction that 
have prevented the self-sustainability of many enhancement programs.   It has been 
shown that inadvertent human-induced selection in wild animal populations was stronger 
than natural selection pressures in changing phenotype and impeded the ability of these 
species to adapt (Hendry et al., 2008).  Incorporating a mate choice aspect into 
conservation initiative could result in fish that have more selection potential and are 
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2.0  THE EFFECT OF MATE CHOICE ON PERFORMANCE RELATED AND 
MORPHOLOGICAL TRAITS IN A DOMESTICATED POPULATION OF CHINOOK 





2.1.1 The Problem with Aquaculture and Other Captive Breeding 
 
Wild fish stocks are in global decline, thus driving increased commercial aquaculture 
(Delgado et al., 2003) as well as conservation and management-related hatcheries and 
supplementation programs designed to enhance or augment natural production (Fraser, 
2008). Although the goal of aquaculture is economic gain, and management programs 
exist to conserve wild stocks, both practices can be augmented by exploiting natural 
biological mechanisms.  Aquaculture facilities usually keep broodstock that are 
artificially spawned to create offspring for production and that are selected for traits that 
increase the quality of their fish to decrease cost and increase supply.  However, for 
artificial selection to continue to work, additive genetic variation for those traits must 
persist in the population (Kristensen and Sorenson, 2005; Wang et al., 2002).  On the 
other hand, management programs have a clear objective to maintain genetic variation in 
endangered fish stocks without regard to artificial selection, since the genetic variation is 
essential to the long-term survival of these stocks in the face of environmental change 
(Gamfeldt and Kallstrom, 2007). 
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In general, fish culture conditions erode the additive genetic variance of traits 
(Doyle and Hunte, 1980; Fraser, 2008). Specifically, fish culture practices that result in 
selection, either unintended (e.g., Heath et al., 2003), or directional, can lead to fixation at 
fitness related loci thereby reducing adaptive potential (Kristensen and Sorensen, 2005).  
Captive bred fish for either production or management/re-stocking purposes may also 
lose genetic variation through genetic drift (Neff and Pitcher, 2008), genetic 
incompatibility (Quader, 2005), inbreeding (Fraser, 2008) and domestication selection 
(Fraser, 2008).  Inbreeding, a common byproduct of small broodstock populations, will 
decrease non-additive and additive genetic variation (Kristensen and Sorensen 2005; Reid 
et al., 2005), and genetic drift caused by family biased survival, population bottlenecks 
and founder effects is especially effective in eroding genetic variation of captive 
populations (Neff and Pitcher, 2008; Lind et al., 2009).  Commercial and conservation-
based hatcheries need to explore methods that will ensure retention of genetic variation, 
as well as overall performance and fitness of the fish they are managing. 
 
 




Sexual selection results when individuals must compete for, or choose reproductive 
opportunities (Andersson, 1994).  In salmon, there is no paternal care of offspring; 
therefore females are choosy and males must compete for access to females (Quinn, 
2005).  Potential benefits for female mate choice in a non-resourced based mating system 
can be indirect through acquisition of ‘good genes’ or ‘compatible genes’ (for review see; 
Neff and Pitcher, 2005). ‘Good genes’ suggest that secondary sexual traits in males are 
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honest indicators of their genetic quality, and therefore choosy females pass on this 
genetic benefit to their offspring (Neff and Pitcher, 2005).  One example is male orange 
coloration in guppies (Poecilia reticulata), where brighter males are preferentially 
selected by females as the carotenoids that contribute to their pigmentation are a direct 
indicator of resource gathering ability and an indirect indicator of male fitness and quality 
(Grether et al., 1999).  However, Pitcher and Neff (2007) found no support for the ‘good 
genes’ hypothesis in Chinook salmon (Oncorhynchus tshawytscha) where male 
secondary sexual characteristics were not correlated with offspring growth or survival.   
For ‘compatible genes’, the combination of a female and male’s alleles create a more fit 
offspring via dominance or epistatic effects (Neff and Pitcher, 2005).  Unlike the ‘good 
genes’ hypothesis, the compatible genes hypothesis predicts that mate choice is not based 
on the heritable component of variation in the phenotype and is therefore primarily 
comprised of non-additive genetic variance components. For example, a relationship 
between increased immunity due to heterozygosity at the MH (major histocompatibility) 
locus has been shown in Atlantic (Salmo salar) and Chinook salmon (Landry et al., 2001; 
Neff et al., 2008) and incompatible genotypes have been shown to suffer increase 
mortality in sea urchin larvae (Evans et al., 2007).  Mate choice can therefore increase 
offspring additive as well as non-additive genetic variance, both of which maintain 
population genetic diversity for quantitative traits- the traits most likely to respond to 





2.1.3 Estimating Genetic and Phenotypic Variance 
 
Here I explore a breeding technique that capitalizes on parental mate choice (Neff et al., 
2008), potentially increasing offspring performance as well augmenting genetic variance 
in the captive population.  Specifically, I test whether mate choice can be used in 
Chinook salmon culture to improve offspring performance and maintain genetic variation 
in the broodstock.  I allowed domesticated Chinook salmon to select their mates in a 
semi-natural spawning channel, and compared the phenotype of their offspring to 
hatchery-bred fish.  I estimated genetic and phenotypic variances of fitness related and 
morphological traits for both offspring groups. A North Carolina II breeding design and 
REML (restricted maximum likelihood) based analysis was used to estimate additive 
genetic, non-additive genetic and maternal variance in offspring from the hatchery-bred 
and channel-spawned fish.  This comparison allowed me to evaluate mate choice as a 
breeding method for stock improvement under commercial and conservation culture 
conditions. Introducing the potential for mate choice into breeding programs may 
augment the evolutionary potential of the populations leading to higher long-term 
viability.  
 
2.2 MATERIALS AND METHODS 
 
2.2.1 Study Species and Site 
 
Chinook salmon are a commercially important aquaculture species, and wild populations 
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can be found all along the western coast of North America and in South America and the 
Great Lakes; however, many of those populations are in decline (Gustafson et al., 2007). 
All experiments in this study were carried out at an organic Chinook salmon farm: 
Yellow Island Aquaculture Limited (YIAL), Quadra Island, British Columbia, Canada.   
The salmon stock used was founded in 1985 from gametes obtained from the Robertson 
Creek hatchery on Vancouver Island, British Columbia.  All fish at YIAL are genetically 
female; therefore phenotypic males must be created for the purposes of spawning.  
Masculinized females were used as males; however, physiologically, reproductively and 
behaviorally they are very similar to their heterogametic counterparts (Heath et al., 2002).   
 Semi-natural spawning channels were constructed to simulate wild spawning 
conditions.  The channel used in this study was located outdoors, and netting was hung 
around it to protect fish from predation, however the fish were exposed to natural light 
and temperatures.  The channel was 15x3.5m with a 1.0 m freshwater depth and a 
partially re-circulating flow of ~300L/min.  The bottom of the channel was gravel (3-6 
cm in diameter) to mimic natural riverbed spawning habitat.  
 
2.2.2 Channel fish: Spawning and Rearing 
 
Twenty sexually mature males (ten 3-year old males and ten 4-year old males) and ten 
mature females (aged 4) were collected from the saltwater netcages on October 6-7 2005, 
anesthetized with MS222 (buffered with sodium bicarbonate) and a fin clip was taken for 
subsequent genetic analysis. The fish were then transferred into the freshwater spawning 
channel where they were observed to spawn in the channel from October 15 to November 
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8, 2005.  Adults were removed after they died and the eggs were allowed to develop into 
fry in the channel where they were exposed to natural light and temperature conditions 
and fed with an automatic feeder.  The fish were seined from the channel one month prior 
to their initial sampling and placed into one hatchery tank where they were fed ad libitum 
and exposed to the same conditions as the hatchery-bred fish.   
 
2.2.3 Hatchery Fish: Spawning & Rearing 
 
Hatchery spawning occurred from October 22 to November 3 2005.  A North Carolina II 
breeding design was used comprising ten blocks of 2x2 crosses using a total of 20 males 
(3-5 years old) and 20 females (aged 4-5 years old) making a total of 40 families.  Each 
family was reared and held separately under the same hatchery conditions: water 
temperature ranged from 8-11°C, light was regulated to 12:12 hours of light/dark cycle, 
and all fish were fed to satiation. 
 
2.2.4 Experimental Setup & Sampling 
 
Offspring (n = 19 or 20) from each of the 40 hatchery-bred families (n=794), and 822 
channel fish were injected with a Passive Integrated Transponder (PIT) tag (Biomark, 
Inc. Boise, USA) from June 26-June 29. Weights (g) and fork lengths (mm) for each fish 
were recorded and fin clips were taken from the left pelvic fin and preserved in 95% 
ethanol for later genetic analyses.  After a weeklong recovery in a common 3000 L 
freshwater tank, the fish were moved into a saltwater netcage (4.5m x 4.5m x 3.0m) and 
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fed a commercial organic fish food daily to satiation.  All fish remained in the same 
netcage throughout the course of the study. 
The PIT tagged fish were sampled 3 times following their transfer to saltwater 
(June 2006): February 26, 2007, June 29, 2007 and March 12, 2008.  In all instances, all 
of the surviving fish were captured using seine nets and anaesthetized with a buffered 
MS222 solution, their PIT tag numbers recorded for identification, and they were 
measured for total length. The fish recovered briefly before they were returned to the 
netcage.  In addition, in the June 2007 and March 2008 sampling, pictures were taken of 
the left side of each fish with a reference scale for later morphological analyses. 
 
2.2.5 Genotyping and Parentage Analysis 
 
To identify family relationships in the channel-bred offspring, I used microsatellite 
genotyping of the offspring and parents to assign the offspring to parental pairs.  DNA 
was extracted from all channel parents and offspring fin clips using the plate-based 
extraction method as described by Elphinstone and et al., (2003) and suspended in 100 uL 
of Tris–EDTA buffer (10 mm Tris, 1.0 mm EDTA, pH 8.0).  All fish were genotyped at 7 
polymorphic microsatellite loci (Table 2.1): one isolated from rainbow trout (Omy325; 
O’Connell et al., 1997) and 6 from Chinook salmon Ots4 (Banks et al., 1999) Otsg432, 
Otsg83b, Otsg78b, Otsg68, and Otsg311 (Williamson et al., 2002). Fragments were 
amplified in 12.5 uL PCR reactions comprised of: ~100 ng template DNA, 32 uM dye-
labeled forward primer, 0.5 uM reverse primer, 200 uM of each dNTP, 0.1 U Taq 
polymerase (Invitrogen, Burlington, Canada), 1x buffer  (Invitrogen), and locus-specific 
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concentrations of MgCl2 (Table 2.1) ranging from 1.5-2.5mM.  PCR protocols were: 
94°C for 2 minute denaturation, followed by 30 cycles of 94°C for 15 seconds, primer 
specific annealing temperatures (Table 2.1) ranging from 52-56°C for 30 s, 72°C for 30 
seconds and a final extension at 72°C for 90 seconds.  PCR product fragment size was 
determined using a LiCOR 4300 DNA analyzer, and allele sizes were scored using 
GENE IMAGIR 4.05 gel-imaging software (Scanalytics Inc., Rockville, USA).  All adult 
fish was genotyped at least three separate times to validate their allele sizes for more 
accurate parentage assignment.  
I used CERVUS 3.0 (Marshall et al., 1998) to assign parentage of the channel-bred 
offspring. Using confidence limits of 80% and a 5% genotyping error rate, 366 offspring 
were successfully assigned to parental pairs comprising a total of 38 families.  
Reproductive success within the channel was tested for bias using chi-square to test 
whether non-random mating (i.e., mate selection) had taken place (see Garner et al., 
2009). 
 
2.2.6 Trait Measurement 
 
Fork length ± 0.5 mm was measured in the field on all 4 sampling dates, while wet 
weight ± 0.005 g was only measured at the first two sampling dates (June 26-29 2006 and 
February 26, 2007) as turbulent ocean conditions would not allow accurate measurements 
on the floating netcage structure.  
 Digital pictures taken of each fish at sample points 3 and 4 were analyzed using 
IMAGETOOL 3.0 (UTHSCSA, 2002).  This software allows comparison between images 
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since every picture was calibrated with a size standard (present in each photograph).  
Eleven morphological measurements (Fig. 2.1) were taken for each fish, these were 
selected because they were unaffected by lighting and image quality across sampling 
dates.  To correct for allometry, all morphological measurements (except for standard 
length), were divided by the standard length of each fish (measured on the photos) and all 
analyses were performed on the standardized ratios and not the measured values.  
Survivorship between sampling times was estimated directly, since every surviving PIT 
tagged fish was identified at each sampling date.  Growth rate was measured as specific 
growth rate (SGR) using fork length measures taken at every sampling according to the 
equation:  
 
SGR = {ln(length2)-ln(length1)/days} * 100      Equation 1 
 
where, length2 is fork length (cm) at sample date two and length1 is fork length (cm) at 
sample date one and days is number of days between those dates.   
Performance traits (i.e., length, weight, survivorship, and growth rate) and 
‘neutral’ morphometric traits were included in our analysis since the genetic and 
environmental variance of these traits should differ as I would expect to see selection and 
genetic drift affect performance traits but only drift act on morphological traits 
(Mousseau and Roff, 1987). 
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Table 2.1  Primer sequences (Williamson et al., 2002; Banks et al., 1999; O’Connell et 
al., 1997), annealing temperatures, MgCl2 concentrations and base pair size ranges of 
amplified microsatellite loci used in parentage assignment of Chinook salmon spawned in 
semi-natural spawning channels.  Asterisks denote a touchdown program where every 
five cycles the temperature was decreased by one degree until the final temperature was 
reached. 
 




of Locus Primer Sequence 5'-3' Repeat Motif 
(°C) (mM) (bp) alleles 
Omy325 TGTGAGACTGTCAGATTTTGC (GT)22 58-52* 0.75 86-104 5 
 CGGAGTCCGTATCCTTCCC      
       
OtsG68 TATGAACTGCAGCTTGTTATGTTAGT (GATA)30(TAGA)1 48 1.25 175-291 15 
 CATGTCGGCTGCTCAATGTA      
       
OtsG432 TGAAAAGTAGGGGAAACACATACG (GATA)3-GGAT-(GATA)8 48 1.25 106-178 12 
 TAAAGCCCATTGAATTGAATAGAA      
       
OtsG78b  GTCCCTTGAATTGAATTGATTAGA 
TAGA(TATA)2-N12-
(TAGA)31 56 1.25 242-326 10 
 CAGCCTACTGCAGTTCAATAGACT      
       
OtsG83b   TAGCCCTGCACTAAAATACAGTTC (TGTC)7-N51-(TATC)34 60 1.25 156-224 14 
 CATTAATCTAGGCTTGTCAGCAGT      






 265-371 16 
  TCCATCCCTCCCCCATCCATTGT       
       
Ots4 GACCCAGAGCACAGCACAA 
(GA)2-N2-(GA)17-N9-
(GA)5 58-52* 1.25 140-156 9 







Fig. 2.1  Letters correspond to morphological measurements made using IMAGETOOL 3.0 
(UTHSCSA, 2002): a) standard length b) dorsal fin base length c) snout length d) eye 
diameter e) head length f) upper jaw length g) lower jaw length h) pectoral fin length i) 















2.2.7 Statistical analyses 
 
My analyses consisted of three steps: 1) t-tests and ANOVAs were used to test for 
differences in overall performance (using all PIT tagged fish comparing channel-spawned 
and hatchery in the same analysis), 2) two-way nested ANOVAs were used to test for  
environment and genetic effects (using only fish of known parentage and comparing 
channel-spawned and hatchery-bred in the same analysis), and 3) quantitative genetic 
analyses were performed to partition observed variances into additive, non-additive and 
maternal sources of variance (using only assigned fish and separate analyses for channel-
spawned and hatchery-bred groups). 
Performance data was tested for normality and a Mann-Whitney U test was used 
for non-normal data (growth rate). A two-way ANOVA was done on survival data 
between the hatchery and channel (random effects) and date of sampling was used as a 
blocking factor to account for replications (Sokal and Rohlf, 1969).  
 
Two-way ANOVAs: 
Morphological and performance traits were analyzed for the effects of family and 
origin (channel vs. hatchery), with a two-way nested mixed-model ANOVA (SPSS v. 17, 
SPSS Inc., Chicago, USA).  Origin (environmental effect) was treated as a fixed factor 





Quantitative genetic analysis: 
I used a two-way REML (restricted maximum likelihood)-based ANOVA to 
partition observed phenotypic variances in the hatchery and channel offspring into Sire, 
Dam and DamxSire interaction effects using JMP 8.0.1 (SAS Institute Inc., Cary, USA).   
The channel breeding design was treated as a 10x15 factorial and the hatchery 
design as a 2x2 factorial with blocking.  Additive genetic variance was calculated as four 
times the Sire contribution to variance, the non-additive genetic effects were estimated as 
four times the DamxSire contribution to variance and maternal effects were calculated as 
the difference between Dam and Sire variances (Lynch and Walsh, 1998).  Using a one 
sample t-test, I compared the difference in additive genetic variance, non-additive genetic 
variance and maternal effect variance of channel vs. hatchery-bred fish across all traits to 
explore if global variance differences between hatchery-bred and channel-bred offspring 
was different from zero. I also replicated my analysis after separating performance and 
morphological traits to test whether the differences in variance components were being 





2.3.1 Parentage Assignment 
 
Although 823 channel offspring were PIT tagged, only 366 offspring were successfully 
assigned to a parental pair based on 80% confidence limits and 5% genotyping error rate.  
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The offspring comprised 38 families, including half and full-sib families (Table 2.2).  The 
successfully assigned channel offspring are used for all subsequent variance analysis that 
involves family or genetics since their parentage is known. 
 
2.3.2 Mate Choice 
 
Non-random mating (i.e. mate choice) did occur in the channel-bred fish because 
reproductive success, measured as the number of families resulting in 3 or more 
offspring, was significantly associated with dam identity (χ2= 21.7 p= 0.0097 df= 9) and 
marginally associated with sire identity (χ2= 28.7, p= 0.071, df= 19). 
 
2.3.3 Performance Traits 
 
I initiated the experiment with 794 hatchery and 823 channel fish PIT tagged and I 
tracked them through three sampling dates. Overall, hatchery-bred offspring out-
performed channel-bred offspring for most performance related traits.  Survival rates 
were significantly lower in the channel-spawned compared to the hatchery-bred fish over  
all sampling dates (df=1, MS= 0.002, F=215.2, p=0.05; see Fig. 2.2).  Fork length was 
significantly longer in hatchery-bred fish throughout the course of this study (June 2006:  
t= -27.0, p<0.0001, df= 1553, February 2007: t= -4.60, p<0.001 df= 1500, June 2007: t= -
11.2, p<0.0001, df=757, March 2008 t= -6.14 p<0.001, df= 385; see Fig. 2.3).  Weight 
was also greater in hatchery fish compared to channel fish for the two periods were it was 
measured (June 2006: µC= 6.0g±0.05 µH= 8.2g±0.05, t= -30.5 p<0.0001 df= 1604, 
 29 
February 2007: t= -25.8 p<0.0001 df= 1472).  However, median growth rates of the 
channel spawned fish were significantly greater than the hatchery bred fish for the first 
two intervals (June 2006-February 2007: Mann-Whitney U= 234,000 p<0.001 nC=739, 
nH=752; February 2007-June 2007 Mann-Whitney U= 53,400 p< 0.001 nC=380 nH=395; 
see Fig. 2.3) and leveled off to an insignificant difference after one year of growing 
together (June 2007-March 2008 Mann-Whitney U= 13,400 p= 0.272 nC=163 nH=176; 
see Fig 2.3). 
 
Table 2.2  Results of the 10x15 cross of channel spawning broodstock with the resulting 




11P 12P 13P 14P 15P 16P 17P 18P 19P 20P 
Total  
offspring 




01B   21 13           4 4 42 4 
02B   1    36   1   38 3 
03B 22 1          23 2 
04B 4  10      2   16 3 
05B   1 11   1   3 1 17 5 
06B 31    1       32 2 
07B             0 0 
08B   1     1     2 2 
09B             0 0 
10B    2   7  8    17 3 
21W     1  28   1   30 3 
22W 37     7   12   56 3 
23W 1           1 1 
24W 4  1   69      74 3 
25W             0 0 
26W 1           1 1 
27W   1          1 1 
28W             0 0 
29W 5 11          16 2 















Fig. 2.2 Bar graph showing the proportion of surviving fish at every sampling time 
compared to the one before it.  Overall mortality rate increased over the course of the 
study, which may be due to the stress of sampling.  Overall, hatchery-bred fish had 


















Fig. 2.3  Mean fork length (lines) at four sampling dates and specific growth rates (bars) 
between these intervals of hatchery-bred and channel-spawned offspring with standard 
error bars. Significant results obtained from t-test for fork length and non-parametric t-
tests (Mann-Whitney U) for specific growth rate are marked with asterisks (*p<0.001). 
 
 
2.3.4 Family and Environmental Effects 
When I partitioned the observed phenotypic variance into environmental (origin) and 
family effects, my 2-way ANOVA yielded significant environment effects for all fitness 
related traits (Table 2.3).  Origin contributed significantly to variance in only a few (4 of 
20) morphological traits, including body depth and caudle peduncle depth, which are 
consistent at both sampling points (Table 2.3).  Family (genetic) effects on variance were 
much greater than that of origin and were significant for all fitness related traits as well as 
14 of 20 morphological traits (Table 2.3).   
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Table 2.3  Mean trait values for channel and hatchery-bred groups including standard 
error, p-values and effect size from a two-way nested ANOVA with origin (‘channel’ or 
‘hatchery’) as the fixed factor and family (genetics) as the random nested factor within 
origin.  Fork length, weight and standard length were analyzed as measurements in 
millimeters, however all other measurements represent proportions of the standard length 
















Fork length (mm) 80.8 (0.3) 88.14 (0.2) <0.001* 0.51 <0.001* 0.24 
Weight (g) 6.00 (0.1) 8.20 (0.1) <0.001* 0.14 <0.001* 0.12 Time 1 
Std. weight (g/mm) 0.29 (0.0) 0.09 (0.0) <0.001* 0.07 <0.001* 0.09 
Fork length (mm) 164.6 (0.6) 176.3 (0.4) <0.001* 0.45 <0.001* 0.19 
Weight (g) 47.4 (0.6) 61.5 (0.4) <0.001* 0.52 <0.001* 0.16 
Std. weight 0.29 (0.0) 0.35 (0.0) <0.001* 0.57 <0.001* 0.20 
Time 2 
Growth rate T2-T1 (%/day)  0.29 (0.0) 0.29 (0.0) 0.040* 0.02 <0.001* 0.27 
Fork length (mm) 200.8 (1.1) 211.2 (0.6) <0.001* 0.21 <0.001* 0.25 
Growth rate T3-T2 (%/day)  0.17 (0.0) 0.15 (0.0) <0.001* 0.06 <0.001* 0.24 Time 3 
Standard length (mm) 195.3 (1.2) 206.2 (0.6) <0.001* 0.12 <0.001* 0.25 
Standardized Snout length (mm) 0.04 (0.0) 0.04 (0.0) 0.22 0.01 0.18 0.13 
 Eye diameter (mm) 0.05 (0.0) 0.05 (0.0) 0.69 0.00 0.71 0.10 
 Head length (mm) 0.22 (0.0) 0.22 (0.0) 0.79 0.00 <0.001* 0.18 
 Upper jaw length (mm) 0.11(0.0) 0.11 (0.0) 0.27 0.01 0.008* 0.16 
 Lower jaw length (mm) 0.10 (0.0) 0.10 (0.0) 0.34 0.01 0.008* 0.16 
 Body depth (mm) 0.21 (0.0) 0.22 (0.0) <0.001* 0.16 <0.001* 0.24 
 Pectoral fin length (mm) 0.13 (0.0) 0.14 (0.0) 0.97 0.00 <0.001* 0.21 
 Dorsal fin base length (mm) 0.13 (0.0) 0.13 (0.0) 0.69 0.00 0.15 0.13 
 Anal fin base length (mm) 0.16 (0.0) 0.16 (0.0) 0.10 0.03 <0.001* 0.22 
  
Caudle peduncle depth 
(mm) 0.07 (0.0) 0.08 (0.0) 0.001* 0.10 <0.001* 0.20 
Fork length (mm) 269.7 (2.3) 282.3 (1.3) 0.002* 0.12 <0.001* 0.35 
Standard length (mm) 262.0 (2.2) 274.4 (1.2) 0.001* 0.12 <0.001* 0.34 Time 4 
Growth rate T4-T3 (%/day)  0.11 (0.0) 0.11 (0.0) 0.27 0.01 0.011* 0.34 
Standardized Snout length (mm) 0.04 (0.00) 0.04 (0.0) 0.738 0.00 0.459 0.20 
 Eye diameter (mm) 0.05 (0.0) 0.04 (0.0) 0.689 0.00 0.146 0.24 
 Head length (mm) 0.21 (0.0) 0.21 (0.0) 0.935 0.00 <0.001* 0.39 
 Upper jaw length (mm) 0.110 (0.0) 0.11 (0.0) 0.497 0.01 0.001* 0.32 
 Lower jaw length (mm) 0.09 (0.0) 0.09 (0.0) 0.384 0.01 0.018* 0.28 
 Body depth (mm) 0.23 (0.0) 0.24 (0.0) <0.001* 0.22 <0.001* 0.39 
 
Pectoral fin base length 
(mm) 0.13 (0.0) 0.13 (0.0) 0.106 0.03 0.005* 0.30 
 Dorsal fin base length (mm) 0.13 (0.0) 0.13 (0.0) 0.716 0.00 0.001* 0.32 
 Anal fin base length (mm) 0.16 (0.0) 0.16 (0.0) 0.218 0.01 0.169 0.23 
 
Caudle peduncle depth 
(mm) 0.07 (0.0) 0.08 (0.0) <0.001* 0.20 <0.001* 0.40 
 33 
2.3.5 Quantitative Genetics 
 
The REML-based ANOVA partitioned variances into Sire, Dam and SirexDam 
components; however most traits showed zero contribution from at least one of those 
components (e.g., anal fin base length, snout length, eye diameter).  Across all traits there 
was a significant difference between channel-spawned fish and hatchery offspring for 
additive genetic variance (t= -2.84, p= 0.008, df= 33).  When the difference in 
performance related traits were examined separately from morphological traits, 
performance traits were seen to be driving this relationship for significantly more additive 
genetic variance in channel-spawned fish across traits (performance: t= -5.29, p= 0.0001, 
df= 13; morphological: t= -0.40, p= 0.69, df= 19; see Fig. 2.4a).  Across all traits, there 
was a barely non-significant difference in non-additive genetic variance between both 
groups (t= -2.01, p= 0.052, df=33; see Fig 2.4) and no significant relationship for 
maternal effects (t= -0.70, p= 0.49, df=33; see Fig. 2.4).  When morphological and 
performance traits were analysed separately, there was no significant difference between 
the two groups for either non-additive genetic (performance: t= -1.62, p= 0.13, df= 13; 
morphological: t= -1.34, p=0.20, df=19; see Fig. 2.4b) and maternal variance 




Table 2.4  Variance components for additive genetic (Va), non-additive genetic (Vna) 
and maternal effects (Vm) for performance and morphological traits of hatchery-bred and 
channel-spawned salmon over four sampling dates. If the 95% CI for Vna and Va did not 
















Weight 1 10.2* 40.8* 0.00 4.97* -1.92 9.18 
Fork length 1 6.35 34.9* 0.00 12.9* 7.12 9.47 
Weight 2 0.00 40.2* 2.87* 2.33* 7.52 -8.53 
Fork length 2 0.00 50.2* 4.86* 1.31* 6.28 -10.0 
Growth rate T1-T2 13.0* 34.7* 0.00 1.42* 6.21 8.24 
Survivorship T1-T2 7.74* 0.00 0.00 0.00 -1.93 1.88 
Fork length 3 34.3* 76.0* 0.00 0.00 -0.82 -12.7 
Growth rate T2-T3 14.1* 41.0* 34.8* 33.2* -3.52 -10.3 
Survivorship T2-T3 0.00 4.15* 9.05* 0.00 0.00 -0.71 
Standard length 3 27.3* 55.4* 0.00 0.00 2.27 -5.78 
Fork length 4 18.7* 38.4* 0.00 64.6* 9.99 11.2 
Growth rate T3-T4 0.00 18.6* 0.00 0.00 1.74 22.6 
Survivorship T3-T4 2.71* 0.00 0.00 10.5* -0.68 0.00 
Standard length 4 5.74* 31.0* 0.00 71.5* 14.1 2.62 
Snout length 3   1.75* 10.9* 0.00 0.00 -0.44 0.15 
Eye Diameter 3   0.00 0.00 0.00 0.00 0.00 1.01 
Head length 3  10.8* 18.8* 0.00 11.1* -2.71 -2.17 
Upper jaw length 3  12.9* 0.00 0.00 36.6* -3.22 2.45 
Lower jaw length 3  0.70* 0.00 4.31* 13.4* -0.18 11.2 
Body depth 3  3.56* 19.2* 19.9* 66.3* 8.45 -4.80 
Pectoral fin length 3  21.9* 0.00 7.12* 14.6* -1.42 1.82 
Dorsal fin base length 3  0.00 0.00 0.00 0.00 4.07 9.14 
Anal fin base length 3  0.00 0.00 39.2* 51.0* 1.03 8.43 
Caudle peduncle depth 3  24.5* 0.00 0.00 15.5* 1.94 0.00 
Snout length 4   0.00 0.00 0.00 0.00 0.00 3.55 
Eye Diameter 4   0.00 9.47* 0.97* 0.00 0.99 85.8 
Head length 4  25.1* 77.8* 5.74* 10.3* -6.28 3.58 
Upper jaw length 4  9.25* 48.8* 22.8* 0.00 1.10 7.60 
Lower jaw length 4  6.23* 0.00 20.3* 0.00 3.59 10.7 
Body depth 4  18.9* 0.00 0.00 127.1* 17.3 0.00 
Pectoral fin length 4  0.00 1.49* 0.00 0.00 16.2 -0.37 
Dorsal fin base length 4  0.00 26.5* 52.9* 0.00 0.00 4.52 
Anal fin base length 4  0.00 0.00 0.00 0.00 4.07 0.00 












 Fig. 2.5 Scatterplots comparing the percent of a) additive genetic variance b) non-
additive genetic variance and c) maternal variance of performance-related (closed circle) 
and morphological traits (open circle) of channel-spawned and hatchery offspring. The 





The overall performance of the offspring of fish allowed to select their own mates was 
poor when compared to fish bred and raised in the hatchery for traits likely to be under 
selection: survival, length and weight.  Only growth rate was significantly higher in the 
channel-spawned fish, but this difference dwindled to insignificant over the course of the 
study, perhaps due to compensatory growth once introduced into netcage conditions (Ali  
et al., 2003).   Studies comparing wild salmon with their hatchery counterparts have 
showed them to be divergent in morphology (Swain et al., 1991), behavior, 
endocrinology, growth and physiology (Fleming et al., 2002; Fleming and Einum, 1997). 
The question remains whether those differences are a result of genetics or environment or 
a combination of both. 
When I examined the effects of family (genetics) and origin (environment) on the 
measured traits, I found a significant environmental effect for all performance related 
traits, save one (growth rate).  There were also significant genetic effects for every 
performance related trait at all sampling times.  One would expect environmental effects 
to wane over time as both groups of fish spend more time in a common environment 
(Swain et al., 1991).  Indeed, the magnitude of environmental effects decreased for 
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performance traits, evidenced by the decrease in effect size through time for the origin 
factor in our ANOVAs.  This decrease was mirrored by an increase in the genetic effects 
of family over time. However, family effects were more pronounced than environmental 
effects for morphological traits throughout the course of the experiment, perhaps because 
these traits are determined early in life and are relatively insensitive to rearing 
environment (Swain et al., 1991).  Overall, my results show that incorporating mate 
choice as a breeding strategy would likely not be useful for commercial production of 
salmon since it provides no immediate performance advantage. 
 
2.4.1 Additive, Non-additive and Maternal Effects 
 
In the development of commercial broodstocks and in government enhancement 
facilities, the mean values of performance traits may not be the only consideration. 
Preservation of genetic variation is paramount in ensuring population long-term viability, 
especially when considering small captive populations (Quader, 2005; Neff and Pitcher, 
2008).  Mate choice may promote population viability by mitigating the effects of genetic 
drift, bottlenecks, inbreeding, and domestication selection (Neff and Pitcher, 2008).  
Maintaining genetic diversity in captive fish populations is important when re-stocking 
for conservation purposes, as it allows the population to respond more readily to 
environmental perturbation and immune stress (Gamfeldt and Kallstrom, 2007) and it is 
important for broodstock in aquaculture to maintain selection potential (Newkirk, 1993).  
Implementation of mate choice should be considered in the development of broodstock 
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programs for commercial hatcheries as well as for enhancement and conservation 
initiatives. 
 Non-additive genetic variance was almost significantly biased towards the 
channel-bred fish, which is consistent with a ‘compatible gene’ hypothesis, where 
females preferentially mate with genetically compatible males to produce heterozygous 
offspring (Landry et al., 2001; Neff and Pitcher, 2005).  Indeed, Garner et al. (2009) 
showed in the same system that male coercion inhibited females from selecting MHC 
dissimilar males for spawning.  This coercion from males could have influenced the 
magnitude of the effects of female choice in our study as well.  In the end, female 
Chinook salmon may be combining information from additive and non-additive genetic 
qualities in their mates which may be producing more fit offspring than either 
characteristic considered separately (Puurtinen et al., 2005), however our study may not 
have had enough power to explore the effect of non-additive genetic variance. 
Maternal effects result from the mother’s environment or her phenotype and thus 
are not inherited (Heath and Blouw, 1998).  In our case, spawning and early rearing 
environment did not influence maternal effects, and since the dams from both groups 
were the same hatchery broodstock, it is perhaps not surprising that I observed no 
difference in maternal effects. Maternal effects have been shown to account for more than 
half of the variance in the early life stages of offspring (Wolf et al., 2008); however, I did 
not see a pattern of decreased maternal effects through time as one would expect (Heath 
et al., 1999) and maternal variance did not overall account for as much of the total 
variance as additive genetic effects.   
 
 39 
2.4.2 How Mate Choice Could Evolve to Maximize Va 
 
According to the ‘good genes’ hypothesis, mate choice should actually decrease additive 
genetic variance through directional selection for specific traits (Kirkpatrick and Ryan, 
1991); however my data do not support this for my system.  This may be due to genotype 
by environment (GxE) interactions that can maintain additive genetic variance in 
spatially or temporally heterogeneous environments (i.e. the spawning channel vs. the 
hatchery; Heath et al., 1993). Alternatively, mate choice may increase additive genetic 
variance though kin-avoidance in small populations.  Such inbreeding avoidance has been 
shown in zebra fish (Danio rerio) and three-spined sticklebacks (Gasterosteus aculeatus) 
where sexually mature females preferred the odor of unrelated males to brothers (Gerlach 
and Lysiak, 2006; Frommen and Bakker, 2006).  Perhaps mate choice did not increase 
additive genetic variance, but rather artificial hatchery breeding eroded it.  This may have 
happened indirectly or directly though the selection of broodstock for matings, i.e. 
farmers inadvertently selecting close relatives, increasing the incidence of inbreeding 
beyond random mating.  For example, the date of spawning in Chinook and Coho 
(Oncorhynchus kisutch) salmon was seen to have significantly shifted through 
inadvertent selection by hatcheries, actually countering natural selection for later 
spawning from increasing freshwater temperatures (Quinn et al., 2002).  Although I can 
only speculate about the mechanism driving my results, what I have seen indicates that 
females may be assortatively mating with males based on performance traits which are 
responsible for the differences in additive genetic variance, not morphological traits. 
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2.4.3 Suggestions for Implementation 
 
In efforts to supplement endangered populations or replace extirpated ones, hatchery 
programs often do not succeed at maintaining fitness in fish (Wang et al., 2002).  Since 
the cost of inbreeding is less under cultured versus wild conditions (Crnokrak and Roff, 
1999), the potential value of mate choice as a breeding technique is higher in conservation 
relative to commercial breeding programs. Wang et al. (2002) state that maintaining 
genetic variation should be paramount in the conservation and management of salmon 
populations.  I propose mate choice as a valuable technique to supplement aquaculture 
practices in the long-term maintenance of broodstock, and it should be considered for 
management purposes to maintain the adaptive potential of the target populations and 
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3.0 THE EFFECT OF MATE CHOICE ON THE TRANSCRIPTOME OF 
DOMESTICATED CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA) 







3.1.1 Mate choice and its Mechanism 
 
The effect of mate choice on offspring phenotype has been described in few fish species.  
In salmon, males compete for access to females and females are choosy (Quinn, 2005). 
The lack of parental care in this non-resource based mating system means that females 
may be selecting mates for indirect reasons, including ‘good genes’ and/or ‘compatible 
genes’ (for review see; Neff and Pitcher 2005).  Under the ‘good genes’ scenario, females 
choose their mates based on specific phenotypic traits that are honest indicators of a 
male’s fitness, thereby increasing the genetic quality of their offspring (Neff and Pitcher, 
2005). For example, Hamilton and Zuk (1982) showed a significant relationship between 
male courtship display and song and resistance to blood parasites in passerine birds. 
Honest signaling in male secondary sexual characteristic has been shown in alpine 
whitefish (Coregonus sp.) as more ornamented males produced more offspring who have 
better resisted disease during egg development (Wedekind et al., 2001). However, 
evidence for ‘good genes’ has not yet been shown in Chinook salmon (Pitcher and Neff, 
2007). In the compatible gene hypothesis, females preferentially mate with males who are 
genotypically more compatible to themselves, producing offspring of superior fitness to 
either parent alone (Neff and Pitcher, 2005).  Female choice based on compatible genes 
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has been shown in salmonids where females preferentially select mates that will produce 
highly MHC diverse offspring at the MHC locus (Landry et al., 2001; Neff et al., 2008).  
However, the underlying genetic basis of mate choice in natural populations is generally 
poorly understood (but see; Hunt and Simmons, 2002; Neff and Pitcher, 2008; Wolf et 
al., 2008; Puurtinen et al., 2005). There is a clear need for more detailed studies of the 
molecular genetic basis of mate choice, essentially to bridge the gap between phenotype 
selected by the female and the genotype driving it (Streelman and Kocher, 2000).  
 The transcriptome consists of all of the mRNA transcripts possible in an 
organism. It can be thought of as a large collection of traits that, combined, represent a 
phenotype which, unlike the genome, reflects both additive genetic variance (heritable), 
non-additive genetic variance (dominance, epistasis), and environmental effects (Mackay, 
2004). Thus it is likely that the transcriptome may be directly or indirectly affected by 
mate choice.  However, few studies have examined transcriptome-wide variation in non-
model organisms.   Gracey et al. (2004) used a cDNA microarray to characterize 
biochemical pathways to organism level regulation of the physiological responses to 
hypoxia in carp and showed that microarray data could be useful in non-model 
organisms.  More practically, Roberge et al. (2008) used a microarray to examine the 
effects of interbreeding between escaped farm and wild Atlantic salmon (Salmo salar).  
Logistical limitations have hampered trancriptome-level studies of ecological and 
evolutionary process; however microarrays are designed to scan hundreds to thousands of 
genes at a time giving a broad picture of expression overall and can reveal the genetic 
differences that underlie complex phenotypes such as mechanisms of mate selection and 
secondary sexual characteristics (Chenoweth and Blows, 2006). 
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 Temperature is a critical environmental stressor for all poikilotherms as their body 
temperature is in equilibrium with the environment meaning they must acclimate to 
thermal fluctuations to survive (Guschina and Harwood, 2006).  Fish can compensate for 
changes in ambient temperature either behaviourally or physiologically depending on the 
duration of the stress (Lee et al., 2003).   A critical life stage for salmon is during 
smolting when they transition from freshwater to marine habitats (Friedland et al., 2005).  
During this time, the fish experience wide-ranging physiological stress in response to 
changes in their environment including changes in temperature. The successful migration 
of sockeye salmon into and out of the Fraser River has been shown to be highly 
temperature dependent (Farrell et al., 2008).  Brett (1952) suggested that the optimal 
temperature range for rearing Chinook salmon is from 12-14°C and smolting optimum is 
10-12.2° C.  However, response to thermal stress in fish varies depending on the 
temperature they have been acclimated to, whether the stress is chronic or acute, their 
body size and life history stage (Meeuwig et al., 2004).  Maximum oxygen consumption 
and critical swimming speed were seen to vary between stocks of Coho (Oncorhynchus 
kisutch) and Sockeye (Oncorhynchus nerka) salmon that had inshore (exposure to greater 
temperature ranges) vs. coastal spawning grounds (Lee et al., 2003). Salmonid timing of 
spawning, egg developmental rates (Fleming, 1998) and age and size at maturity, are all 
affected by temperature (Hutchings and Jones, 1998).  The real effect of temperature on 
wild salmonids may play a role in mate choice as phenotypic differences resulting from 
temperature fluctuations may directly or indirectly be selected for or against during 
breeding. 
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 Here Iused a novel Chinook salmon (Oncorhynchus tshawytscha) microarray to 
determine if mate choice affects gene transcription in a hatchery population of Chinook 
salmon bred in two very different ways: 1) randomly mated in a commercial hatchery and 
2) semi-natural mate choice in a constructed spawning channel.  Both of the groups were 
tested under a heat stress trial, where they were held for 12 hours at a water temperature 
6°C above ambient.  Stress is known to increase the phenotypic variance of a population 
when compared to populations under optimal conditions (Stanton et al., 2000).   
 Since the transcriptome reflects both environmental and genetic effects (Blows 
and Sokolowski, 1995), I would expect that the channel fish would show great 
differences in transcription when compared to fish raised in benign hatchery conditions.  
In Chapter 2, I showed that additive genetic variance for performance traits was different 
between these two groups, so I would expect similar effects on transcriptome. Heath et al. 
(1993) showed that stress response in Chinook salmon has a genetic component and 
appears to be heritable.  Studies in Drosophila have shown increasing amounts of non-
additive genetic effects under sequentially stressful conditions resulting from drift and 
natural selection changing epistatic interactions between genes (Blows and Sokolowski, 
1995). Few studies have used microarrays to compare wild vs. hatchery fish gene 
expression (except see Roberge et al. 2008), and none have tried to analyze the difference 
in wild and hatchery gene expression when exposed to a stressor (although this has been 
tested using other techniques i.e. see Lepage et al., 2000).  This study is unique in that I 
am specifically interested in the effect of mate choice vs. random mating on gene 
expression and I would predict that a microarray-based approach should reflect 
environmental, additive genetic and non-additive genetic components acting 
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differentially in hatchery-bred and channel-spawned groups resulting in measurable 
transcriptional variation.  
 
3.2 MATERIALS AND METHODS 
 
3.2.1 Study Species and Site 
 
Chinook salmon are historically found along the Pacific coast of North and South 
America and are grown for commercial purposes in British Columbia (BC) (Robson, 
2006). Yellow Island Aquaculture Ltd (YIAL) is an organic Chinook salmon aquaculture 
facility on Quadra Island, BC and the site for my study. The broodstock at YIAL 
originated in 1986 from Robertson Creek hatchery on Vancouver Island, BC.  Artificial 
spawning channels were constructed at YIAL to simulate river habitat.  Each channel is 
15x3.5m and filled with 1.0m of fresh water with partially re-circulated flow at 
~300L/min.    The channels had approximately 1.0 m of gravel, 3-6 cm in diameter. 
 
3.2.2 Spawning and Rearing 
 
19 males (9 3-year olds and 10 4-year olds) and 13 females (one 3-year old, six 4-year 
olds, and six 5-year olds) were transferred from saltwater pens to the spawning channel 
and held from October 18 to November 5, 2006. Once spawning was complete, eggs 
were left to develop into fry until July 6, 2007.  Channel temperatures taken with a 
temperature logger averaged 9.35°C ± 0.06 SE over the time period from spawning in 
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October until the fry were then collected two weeks prior to our study. The juvenile fish, 
averaged 7.3±0.2 cm in fork length, were then collected by seine and transferred to a 
single 200 L tank in the hatchery.  Hatchery spawning occurred from October 26-31, 
2006 using adult fish of the same broodstock used in the channel. Five 3 year old and five 
4 year old males were mated with five 4 year old and five 5 year old females, for a total 
of 10 families, none of which were half-sibs.  Offspring were mixed and later chose at 
random for inclusion in the trial.  For two weeks prior to the experiment both groups of 
fish were held in the hatchery in identical tanks to acclimate to a similar environment and 
water temperature. Holding tank water temperature ranged from 9.8-10.4°C during the 
two weeks leading up to the experiment. 
   
3.2.3 Temperature Challenge 
 
To test for differences in gene transcription between offspring of fish that were allowed 
to naturally spawn versus hatchery-bred fish, I challenged offspring from both groups 
with a controlled heat stress.  A water bath with aerator and thermostat was prepared to 
maintain a temperature of 16°C ± 1.5 degrees; ~6°C above the ambient water temperature 
at which both groups were reared and acclimated to.  This temperature was selected to be 
below the thermal critical maximum for Chinook salmon, and to provide a realistic 
challenge relative to what their wild Pacific salmon counterparts might experience (Brett, 
1952). Ten fish from each group were haphazardly netted and placed in identical but 
separate baskets made from plastic netting and held in the water bath. Fish were held in 
the water bath for 12 hours and water temperature was monitored constantly.  After 12 
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hours, fish were humanely euthanized with an overdose of buffered MS222 solution and 
their gill arches were quickly collected and stored in salt-based preservative solution 
(ammonium sulfate 70g/100ml + tri-sodium citrate dihydrate 25mM + EDTA disodium 
salt dihydrate 10mM). Ten fish from each mating group were sampled directly from the 
tanks and tissue sampled as above for pre-stress controls. All fish were measured for fork 
length and channel-spawned fish used in this experiment averaged 7.3 cm ± 0.2 SE in 
fork length and hatchery fish 7.8 cm ± 0.13 SE. All tissue samples in the salt solution 




The Chinook salmon microarray used in this study was developed in our lab for 
evolutionary and ecological applications involving Chinook salmon.  It consists of 768 
PCR-amplified cDNA clones suspended in 30% (vol/vol) dimethyl sulfoxide and spotted 
onto glass microscope slides.  The slides were coated with poly-L-lysine before the 
clones were printed using the SpotArray 24 Microarray Printing System (PerkinElmer 
Life Sciences, Waltham, USA).  Structurally, the microarray consisted of 3 subarrays, 
each containing the 768 cDNA fragments printed in side-by-side duplicate. Thus, every 






3.2.5 Experimental Design 
 
A microarray was selected as the molecular tool to explore differences in gene 
transcription between channel-spawned and hatchery-bred fish since I had no prior 
expectation for specific differences in gene expression between these groups when 
thermally challenged. Two separate microarray experiments were carried out.  The first 
experiment was designed to test whether the heat-stress treatment indeed resulted in an 
expression response after 12 hours.  For this experiment, the cDNA from one unstressed 
control fish from the channel-spawned group was hybridized onto a slide along with 
cDNA from a heat-stressed channel fish - this was replicated for a total of two 
microarrays.  The same was done with hatchery-bred fish. In both cases, the replicated 
slide represented a dye swap to produce, in total, data from four arrays.  Analysis 
included data from all arrays for overall expression response to the challenge. 
The second microarray experiment was designed to compare the differences in 
gene transcription between channel and hatchery groups after a heat stress.  In this case, 
six slides were used, where cDNA from channel-spawned and hatchery-bred fish at 12 
hours post-challenge were hybridized with each slide with dye-swap replication.  
 
3.2.6 cDNA Preparation 
 
RNA was extracted from gill tissues using TRIzol (Invitrogen, Burlington, Canada) 
following the manufacturer’s directions with the addition of glass bead mechanical 
homogenization of tissue prior to extraction.  Samples were eluted in 30µl of 
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Diethylpyrocarbonate (DEPC)-treated water and quantified for concentration and quality 
using a 6000 Nano LabChip kit on a 2100 Bioanalyzer following manufacturer’s protocol 
(Agilent Technologies, Santa Clara, USA).  Samples used for microarray hybridization 
had RNA integrity numbers >6.5 and concentrations ranging from 669-1959 ng/µL. 
Once the RNA was extracted, cDNA was synthesized following the 
manufacturer’s protocol for SuperScript II RNase reverse transcriptase (Invitrogen, 
Burlington, Canada) and RNaseOUT recombinant ribonuclease inhibitor (Invitrogen, 
Burlington, Canada).  Various volumes of extracted RNA were used for the cDNA 
synthesis reaction to ensure 10.0ug of RNA across all samples. I added 0.1M EDTA and 
1.0N NaOH to the synthesized cDNA before the addition of 1.0N HCl for neutralization 
as per the manufacturer’s protocol.  I purified the resulting cDNA using an Invitrogen 
purification module following the manufacturer protocol (Invitrogen, Burlington, 
Canada). 
 
3.2.7 Microarray Hybridization 
 
Each cDNA sample was fluorescently labeled (AlexFlour 555 and 647; Invitrogen, 
Burlington, Canada) using the Superscript indirect cDNA labeling kit (Invitrogen, 
Burington, Canada).  For each experiment, dye swaps were performed to correct for 
possible dye fluorescence bias.  The hybridization master mix consisted of: 25% Hi-Di 
formamide (Applied Biosystems, Foster City, USA) 0.1% sodium dodecyl sulfate (SDS; 
Invitrogen, Burlington, Canada), and 5x SSPE buffer (3.0 M sodium chloride, 0.2 M 
sodium hydrogen phosphate, 0.02 M EDTA, pH 7.4), 10% dextran sulfate, 1.5% 
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polyadenylic acid potassium salt (polyA; Sigma-Aldrich, St. Louis, USA), 6% Human 
Cot-1 DNA (Invitrogen, Burlington, Canada).  Aliquots of master mix and dye-labeled 
sample for each microarray reaction sample was hybridized onto slides.  These were 
incubated in a 42°C water bath for five hours.  Slides were then washed for five minutes 
in three different buffers: 1- 1xSSC + 0.2% SDS, 2- 0.5x SSC, 3- 0.2x SSC.  Slides were 
dried by quickly dipping in 95% ethanol and centrifuging at low speed for three minutes.  
 
3.2.8 Data Analysis 
 
Spot replicate analysis: 
Once dry, slides were read in a ScanArray Express microarray analysis system 
(v.4.0, Perkin Elmer, MA, USA).  Locally weighted scatterplot smoothing algorithm 
(Lowess) normalization was selected to correct for dye biased intensities. The Lowess 
merges two-color data, applying a smoothing adjustment that removes variation. 
 Values used for subsequent analysis were the Lowess normalized mean ratios of 
fluorescence intensities after subtraction of background signal. 
 The software allowed visual analysis of the fluorescing spots and manual flagging 
of spots of poor quality (i.e. donuts, smudges etc), which were removed from the 
analysis.   Statistical outliers of the six replicates per slide were removed using quartile 
analysis as per Freund and Perles (1987). Duplicate spots within each subarray were then 
averaged to get a mean expression value.  A final mean expression value was calculated 
by averaging what remained of the 6 replicates per slide to get a single expression value 
for each gene per slide.  
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Analysis across slides: 
Within each experiment, multiple slides were used representing biological 
replicates (i.e., different fish).  Ratios of transcription for each gene were averaged across 
slides to get an overall effect of treatment. A ratio of 1.0 indicates no difference in 
expression between the two groups. To determine if the ratios differed significantly from 
one, I calculated Z-scores for each gene, and identified all genes that fell outside the 95% 
confidence interval, indicative of significant departure from equal transcription between 
the comparison groups.  All sequences differentially expressed were blasted using 
BLASTN or BLASTX databases for identification (NCBI; See Appendix).  Homologies 
of >75% were accepted as positively identified genes.  Of the 768 genes, 180 (23.4%) 
were not positively identified, while the rest were assigned to known genes from either 
salmonids or model organisms.  
To visualize the effect of the heat-stress treatment on gene expression in the fish, 
mean normalized gene expression ratios (± 95% CI) were plotted for all genes in the 
control vs. 12 hr post-challenge trials (encompassing both hatchery and channel 
replicates). The same plot was used to compare channel-spawned and hatchery-bred 
groups after the 12 hour heat-stress.  Raw gene expression data of both channel-spawned 
and hatchery-bred offspring from this experiment were plotted in a scatterplot. The mean 
variances for individual gene fluorescence values in hatchery-bred vs. channel-spawned 





3.3 RESULTS & DISCUSSION 
 
3.3.1 Response to Temperature Challenge 
 
Our temperature challenge elicited a substantial gene transcription response across the 
mate-choice and hatchery fish.  This was shown in our microarray analysis where 107 
genes (of 768 = 13.9%)were found to be differentially expressed between control and 
challenged fish (Appendix Table 1).  Eighty-four of those genes could be identified to 
function based on sequence homology (Table 3.1).  Of those, 12 (14.3%) were immune-
related genes that were up-regulated after heat stress and the same amount were down-
regulated; eight (9.5%) metabolic genes were up-regulated versus seven (8.3%) down-
regulated; finally, six (7.1%) of the identified genes were up-regulated 
transcription/translation associated versus seven (9.5%) down-regulated.  Among the 
other genes showing up-regulation during heat stress were an endocrine-related gene 
(PTTG1) known to be expressed in all tumors, and glutathione S-transferase A, a gene 
coding for cystosolic proteins involved in cellular detoxification after oxidative stress.  A 
gene for heat shock protein (hsc70α) was down-regulated in our treatment group, 
however unlike heat-shocked induced proteins of the same family, this protein is 
constituitively expressed (Goldfarb et al., 2006).  Our observed transcriptional response 
to sub-lethal temperature stress is consistent with the expectation for an increase in 
overall cellular activity, including metabolism (Brett and Groves, 1979), as well as stress 
response through altered immune response (Fagerlund et al., 1995).  
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Fig. 3.1 Control hatchery and channel fish versus hatchery and channel fish after a 12 
hour heat stress (n=4).  Controls and treatments are compared using Lowess normalized 
mean ratios of transcription for the competitive fluorescence of each gene on the 
microarray (n=768), represented by a dot on the graph.  95% CI are also shown, red spots 
and intervals correspond to genes that are significantly differentially expressed between 
control and treatment. 
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Table 3.1 List of genes, expression ratio with 99%CI and putative gene functions that 
were differentially expressed in control vs. heat-stressed channel-spawned and hatchery 
fish.  
 
Accession No. Gene 
Expression 
ratio (±SE) Putative Function 
BT048122 C-type lectin domain family 4 member E 0.54±0.16 immune 
AF020304 hyperosmotic glycine rich protein 0.59±0.17 immune 
NM_001123544 cysteine proteinase gene 0.59±0.22 metabolism 
DC149946 Hypothetical protein CBG13349 0.6±0.24 unknown 
NM_001160495 C type lectin receptor B 0.63±0.14 immune 
BT048458 Microsomal glutathione S-transferase 3 0.67±0.14 immune 
NM_001160676 Epididymal secretory protein E1 0.68±0.12 cell function 
NM_001124309 LECT2 neutrophil chemotactic factor 0.69±0.1 immune 
AB291943 PGRP-D mRNA for peptidoglycan recognition protein-D 0.69±0.22 metabolism 
DW558167 EST_ssal_rgb2_22586 rgb2 (Salmo salar ) cDNA clone 0.7±0.12 EST 
 unknown 0.71±0.22 unknown 
 unknown 0.71±0.21 unknown 
NM_001124447 CCAAT/enhancer-binding protein beta 0.73±0.2 immune 
BT043754 calpain small subunit 1 0.74±0.16 cell regulation 
AJ315140 putative ribosomal protein S8 0.75±0.16 translation 
 unknown 0.76±0.13 unknown 
NM_001139783 aldehyde dehydrogenase family 7 member A1 homolog 0.76±0.09 metabolism 
NM_001146414.1 Src kinase-associated phosphoprotein 2 0.77±0.11 enzyme regulation 
YP_119222 putative monooxygenase 0.77±0.17 metabolism 
X81856.1 apolipoprotein B 0.79±0.1 cellular function 
NM_001139642 lactate dehydrogenase-A (ldh-a) mRNA 0.81±0.17 metabolism 
NP_001134601 Eukaryotic translation initiation factor 6 0.82±0.09 translation 
CX138581 cDNA clone 03RT103P18 (Oncorhynchus mykiss ) 0.83±0.04 unknown 
BT060191 Zinc finger protein 271 putative 0.85±0.07 transcription 
BT057757 Small nuclear ribonucleoprotein G 0.85±0.09 transcription 
NM_001124408 complement component C8 gamma 0.85±0.1 immune 
BT048833 YIPF4 putative mRNA 0.87±0.08 transport protein 
CB485198 
 cellular retinoic acid-binding protein 1.21±0.14 muscle 
BT047395 Transgelin putative 1.26±0.16 muscle 
BT073884 Translocon-associated protein subunit delta precursor 1.28±0.16 cellular regulation 
 unknown 1.28±0.15 unknown 
BT045741 voltage-dependent anion-selective channel protein 2 putative 1.29±0.18 apoptosis 
ACN10743 Mitogen-activated protein 1.32±0.13 cell cycle regulation 
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ACN10743 Glucose-6-phosphate isomerase 1.32±0.15 metabolism 
BT058896 cAMP-dependent protein kinase catalytic subunit beta 1.33±0.14 cell function 
BT058937 N-myc downstream regulated family member 3b 1.34±0.21 
protein 
degradation/tumors 
EU325854 RNase 2 mRNA 1.34±0.21 RNA degradation 
NM_001141818 Major facilitator superfamily domain-containing protein 4 1.37±0.19 immune 
NM_001124426 complement component C9 mRNA 1.37±0.16 metabolism 
 unknown 1.37±0.16 unknown 
XP_001343244 myosin-9 putative 1.37±0.12 cell function 
 PPARG, anti-RAF1, iNOS/NOS2 pseudo 1.39±0.17 immune 
BT074076 Proteasome subunit beta type 1-A putative 1.48±0.31 protein degradation 
BX316496 
 Plastin-2 putative 1.51±0.21 immune 
BT071870 
 cDNA clone tcay0030.d.08 (Oncorhynchus mykiss) 1.51±0.2 unknown 
BT073989 
 Eukaryotic translation initiation factor 3 subunit 12 1.52±0.34 translation 
U69987 immunoglobulin light chain L2 1.53±0.25 immune 
NM_001124340 
 oocyte protease inhibitor-2 1.57±0.36 Translation 
 unknown 1.59±0.4 unknown 
 unknown 1.59±0.4 unknown 
 unknown 1.61±0.43 unknown 
BAD98538 warm temperature acclimation related 65 1.62±0.32 immune 
AB291943 PGRP-D mRNA for peptidoglycan recognition proein-D 1.63±0.37 metabolism 
NM_001124232 heat shock cognate protein 70a (hsc70a) 1.64±0.46 cell function 
AB162343 MHC class I b region 1.72±0.39 immune 
BT073386 Proteasome (prosome macropain) 26S subunit ATPase 1alpha 1.76±0.18 metabolism 
DQ890530 clone lmos8p01a03 (Lithognathus mormyrus) 1.82±0.54 unknown 
BT074232 High choriolytic enzyme 1 precursor 1.83±0.47 proteolytic enzyme 
AB034824 mitochondrial DNA (Coregonus lavaretus) 2.11±0.61 unknown 
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There were relatively few genes showing differential transcription between the mate 
choice and hatchery offspring: 34 genes (25 of which were known), were found to be 
differentially expressed, while 6 of those genes fell beyond the 99% CI (Fig. 3.2).  The 
genes included two involved with transcription/translation, an endocrine gene, two genes 
used in metabolism/respiration and one gene involved in muscle contraction (Table 3.2).  
When raw mean fluorescence data was plotted between channel-spawned and hatchery-
bred groups, it was clear that the gene’s deviation from the 1:1 relationship did not 
necessarily correspond to their significantly different expression.  In fact, a few of the 
differentially expressed genes had transcription ratios very close to 1.0 (representing no 
difference between groups), however they were consistently up or down-regulated across 
all 6 samples results in small and significant 95% CI. 
The relatively few genes identified as differentially expressed was perhaps to be 
expected as channel-spawned and hatchery-bred parental fish were from the same 
broodstock.  Thus their offspring have only undergone one generation of genetic and 
environmental separation.  Functionally identified genes that were down-regulated at the 
95% level in the channel-spawned fish included two transcription related genes, one 
metabolic gene, two immune genes, one endocrine gene and four genes related to cellular 
respiration.  Of note is the gene coding for prostaglandin H2 D-isomerase (Danio rerio) 
whose expression in blood causes muscle contraction, prevents blood platelet aggregation 
and may prevent neuronal degradation (Fujimori et al., 2006).  Up-regulated genes in the 
channel-spawned fish included two translation-related genes, one metabolic gene, one 
gene coding for tropomysoin (Salmo salar), a protein used in muscle contraction and two  
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Fig. 3.2 Channel fish versus hatchery fish after a 12 hour heat stress (n=6). Controls and 
treatments are compared using Lowess normalized mean ratios of transcription for the 
competitive fluorescence of each gene on the microarray (n=768). 95% confidence 
intervals are also shown, red spots and intervals correspond to genes that are significantly 
differentially expressed between channel and hatchery. 
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Table 3.2  List of genes and their putative functions, that were differentially expressed 
between channel fish versus hatchery fish after a 12 hour heat stress.  Genes with 








Accession no. Gene name 
Expression ratio 
(±SE) Putative Function 
XP_683099 Similar to prostaglandin H2 D-isomerase 0.75±0.18* lipophilic molecule carrier 
AY113694 tyrosine aminotransferase mRNA 0.77±0.23 metabolism 
NP_001117016.1 hyperosmotic glycine rich protein 0.77±0.23 immune 
 unknown 0.78±0.21 uknown 
AAG30027 putative fibrinogen gamma A chain-like 0.79±0.19 immune system 
BT043775 V-Fos transformation effector S3A 0.81±0.15 transcription 
CAI21110 novel protein similar to vertebrate spectrin 0.83±0.14 cytoskeleton structure 
ZP_03710254 hypothetical protein CORMATOL_01074 0.83±0.14 uknown 
NP_001153962 brain-subtype creatine kinase 0.86±0.11 homeostasis 
NP_998219 fibrinogen gamma polypeptide 0.87±0.11 serum protein 
YP_856306 NADH dehydrogenase subunit N 0.88±0.12 respiration 
CAB95851 cytochrome c oxidase subunit II 0.90±0.07* respiration 
ZP_05514202 putative ATP/GTP-binding protein 0.90±0.10 glycolosis 
BT073976.1 NADH dehydrogenase flavoprotein 2 0.90±0.8 respiration 
CAF95400 
eukaryotic translation initiation factor 3, 
subunit F 0.92±0.05* transcription regulator 
CX037214 
EST Oncorhynchus mykiss cDNA clone 
10RT#3_139B16 0.93±0.06 unclassified EST 
ACN12471 60S acidic ribosomal protein P1 1.08±0.04* translation 
BT045917 tropomyosin-1 alpha chain 1.12±0.06* muscle contraction 
 unknown 1.12±0.12 unknown 
BT026872 EST Gasterosteus aculeatus 1.14±0.14 unclassified EST 
U61753 AF271079 complement component C3-3 mRNA 1.21±0.17 immune system 
DQ516384 stearoyl-acyl-carrier protein desaturase 1.27±0.25 oxidation reactions 
CX257669 EST Oncohynchous mykiss 1.29±0.29 unclassified EST 
NP_001133228 transposase-like 1.33±0.32 trancription/translation 





immune related genes one of which codes for the complement pathway component C3-3 
implicated in the rainbow trout inflammatory response.  Werner et al. (2006) found a 
difference in heat-shock response in metabolic and muscle related proteins 
(phosphocreatine, ATP, ADP, AMP and hepatic glycogen) when comparing wild 
steelhead trout to hatchery raised groups and suggested both rearing conditions and 
genetic variation as factors in differential transcription rates between these groups. 
Roberge et al. (2008) used microarrays to compare transcriptional variation in wild and 
hatchery stocks of Atlantic salmon (Salmo salar), and noted that differences in gene 
transcription were heritable after 5-7 generations of domestication. Although my 
microarray results indicate transcriptional differences between the channel-spawned and 
hatchery-bred fish for physiologically relevant genes, the few genes that were identified 
as differentially expressed were not more than what was expected from chance alone 
based on a Z-score threshold of 95%.  Perhaps one generation of non-random mating was 
not enough genetic or environmental separation to generate microarray-detectable 
transcriptional differences between my two study groups. 
Interestingly, my analysis of transcriptional variance showed that hatchery-bred 
fish had a significantly higher mean variance across all assayed genes than the mate 
choice fish (mean variance across all genes: hatchery= 25.5X106 channel= 14.8 X106; t= 
3.091, p= 0.002; Fig. 3.3).  In a related study, I showed that channel-spawned fish have 
significantly more additive genetic variance than hatchery-bred fish for performance-
related and morphological traits (Chapter 2); however, there was no significant difference 
in total variance across all traits (hatchery variance = 76.8, channel variance = 67.3, t= 
0.28, p=0.78, df=61), which does not agree with my present results for transcription  
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Fig. 3.3  Scatterplot of the log mean fluorescence values representing hatchery-bred and 
channel-spawned groups for every gene on the microarray (n=768) across all six slides in 
the heat-stress experiment.  Red circles represent genes that were differentially expressed 
between the two groups after a 12 hour heat-stress according to the 95% CI (n=34).  The 
1:1 line running through the points on the graph represents no difference in expression 
between channel-spawned and hatchery fish. 
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variance.  This marked difference in the variability of gene transcription over all assayed 
genes between the two groups may be due to genetic factors such as non-random mating 
driving lower transcriptional variance in the mate-choice group.  Another possibility is 
that the hatchery fish included in my trials may have come from a larger genetic pool (i.e. 
more contributing parents) than the channel-spawned fish as a result of differential 
reproductive success in the channel environment. However, the channel-spawned 
offspring used in this study were not the same as those used in Chapter 2, thus I do not 
know the parentage of the fish.  
Differences between the channel and hatchery rearing environments may have 
also contributed to the observed differences in transcriptional variance.  I would expect 
that the more heterogeneous channel environment would result in an increase in 
phenotypic variance due to natural fluctuations in water temperature, lighting and 
weather conditions.  However, these environmental factors may have resulted in fish that 
were better able to cope with thermal variance, effectively acclimating the fish to 
fluctuations in water temperature.  Such an acclimation should result in a more 
homogenous response to our heat-stress challenge.  It has been shown in gobies 
(Gillichthys sp.) and Rainbow trout (Oncorhynchus mykiss) that response to heat-shock, 
measured as the expression of specific heat-shock proteins, was less pronounced in fish 
from warmer climates that had been previous exposure to higher temperatures (Dietz and 
Somero, 1992; Werner et al., 2006). Alternatively, I sampled the challenged fish 12 hours 
post-challenge, perhaps the channel fish acclimated to the challenge within the 12 hours 
of exposure due to their previous conditioning, resulting in more variable hatchery-bred 
fish transcriptional response.  Lepage et al. (2000) showed that domestication resulted in 
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reduced amplitude of response to stress in sea trout.  The underlying cause of the reduced 
gene transcription variance observed in the mate-choice offspring relative to the 
hatchery-bred offspring is not clear; however there is a meager understanding of the 
effects of mate choice on transcriptome.  
Although microarray technology allows a broad characterization of transcriptional 
variation across hundreds of genes, it is not a panacea for characterizing the effects of 
evolutionarily and ecologically relevant factors on the transcriptome (Chenoweth and 
Blows, 2006).  I have shown that one generation of mate choice significantly lowered the 
total phenotypic variance in gene transcription of a population, however reasons for this 
remain unresolved.  More sensitive study using techniques such as quantitative real-time 
PCR of the expression of the genes of interest identified by the microarray, may help to 
elucidate the cause of the observed differences. However, the use of the semi-natural 
spawning channels to allow fish to mate freely may be useful in limiting the variability in 
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4.0 GENERAL CONCLUSION 
 
 
4.1 Summary of Findings 
 
Female Chinook salmon actively select their mates.  However, the effects of mate choice 
on offspring phenotype and performance are not well studied.  In this thesis, I addressed 
this knowledge gap in two different ways: 1) by measuring performance-related and 
morphological traits in the offspring of randomly mated versus mate-choice fish and 2) 
measuring the variation in gene expression between the offspring of mate-choice and 
randomly mated fish.  In these ways, the effect of mate choice on traits under selection 
(performance) can be compared to traits that are free to vary (morphology). 
In Chapter 2, I found that when Chinook salmon were allowed to select their own 
mates (channel-spawned), the resulting phenotypes of their offspring were affected by 
both the environment in which they were raised, as well their genotypes.  Most 
importantly however, I was not just able to compare the results of these measurements, 
but to partition the observed phenotypic variance in hatchery-bred and channel-spawned 
salmon into additive genetic, non-additive genetic and maternal effects.  When these 
results were compared between the two groups, additive genetic effect variance was seen 
to be significantly higher in channel-spawned and/or eroded in hatchery-bred fish for 
performance-related traits.  This result is in contrast to much of the literature on sexual 
selection that suggests mate choice should result in directional selection for specific 
traits, effectively decreasing the additive genetic variation in the population.  The 
transcriptome should reflect genetic and environmental differences in channel and 
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hatchery-bred fish under stress, however little difference in expression profiling was seen 
when these groups were compared.  Overall, total phenotypic variance was greater in the 
hatchery-bred fish in Chapter 3, however, and this result was not echoed in the results of 
Chapter 2, where transcriptome-wide expression did not significantly vary between the 
two groups.   
 
4.2 Implications for Aquaculture 
 
Phenotypic variance is not a desirable characteristic in production fish, as variable growth 
rate, feed conversion, response to water temperatures, mortality etc., does not result in a 
consistent product for farmers (Tave, 1999).  However, since the results from Chapter 2 
showed that channel-spawned fish actually performed significantly worse on average 
than hatchery-bred fish for most traits of interest to farmers, the incorporation of mate 
choice into production is not advisable.  Instead, the implementation of channel spawning 
and subsequent integration of mate choice in an aquaculture environment would benefit 
broodstock programs.  Maintaining additive genetic variance in broodstock in the face of 
genetic drift and domestication selection is vital in these relatively small captive 
populations that can easily lose their adaptive potential (Newkirk, 1993).  Maintaining 
additive genetic variance is important in the face of changing environmental conditions, 
diversifying consumer demands and potential new threats to stock health including 
antibiotic-resistant bacteria and viral infections.  For salmon farms to respond to changes 
that may arise, genetic variation must be maintained in their broodstock, especially for 
performance related traits. Mate choice did reduce gene transcription variation however, 
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perhaps indicative of a more uniform and possibly more effective response in the face of 
environmental stress. Overall, random-mating, typical of many hatchery spawning 
protocols, seems to be a less effective choice for broodstock management programs and 
the implementation of semi-natural spawning techniques should be considered for 
conserving genetic variation in broodstock, at least for the purposes of Chinook salmon 
aquaculture facilities, if not all salmonids. 
 
4.3 Implications for Conservation and Management 
 
Stock enhancement programs have been largely unsuccessful in establishing self-
sustaining populations of Pacific salmon (Quinn, 2005).  Reasons for this are uncertain; 
however, the large genetic divergence between locally adapted salmon stocks has been 
implicated in the repeated failure of transplant experiments (Quinn, 2005; Withler, 1982).  
When spawning salmon are taken from their natal streams, artificially bred, raised in 
hatcheries and released back into their natal streams, the performance of the released fish 
is not guaranteed (Withler, 1982).  The selection of broodstock for enhancement purposes 
is intentionally random, indeed it is mandated to prevent inbreeding depression and 
conserve the genetic diversity of wild stocks.  However, and as has been shown in this 
thesis, hatchery rearing can decrease the additive genetic variance of populations even 
when compared to one generation of mate-choice.  Considering all the resources used to 
raise salmon for enhancement programs, the successful recruitment of these fish back to 
their natal rivers to spawn and produce self-sustaining populations is paramount.  I 
therefore suggest that salmon have evolved mate choice in part to confer an advantage to 
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their offspring, perhaps making them better able to adapt to local environments, at both 
the macro-phenotype and gene transcription levels.  Pre-conditioning to a heterogeneous 
and variable environment likely contributed to a less variable response to stress in the 
mate-choice offspring fish by decreasing total transcriptome variance, relative to fish 
raised in a homogeneous and benign hatchery environment.  From Chapter 2, it is 
especially significant that when the fish were allowed to choose their own mates, the 
traits most affected were ones related to performance and fitness.  I suggest re-
considering random mating as an approach for the genetic preservation and long-term 
maintenance and sustainability of wild salmon stocks. 
 
4.4 Contributions to Science 
 
This thesis has contributed to the science of Pacific salmon rearing as well as general 
mate choice theory in the following ways: 
 
1.  Use of quantitative genetics in mate choice studies: 
It is generally straightforward to find measurable differences in phenotypic traits between 
two populations; however, demonstrating that these differences have a genetic basis is an 
important, yet often overlooked, aspect of the study of mate choice evolution (Naish and 
Hard, 2008).  Indeed, there have been many studies on sexual selection suggesting 
different mechanisms for female choice, however few have explored the genes that code 
for it. In order to eventually understand the mechanism behind female (mate) choice, it is 
imperative to understand if variances observed in the phenotype of offspring result from 
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additive genetic, non-additive genetic, maternal or environmental effects and to what 
extent each contribute.  Most studies on the effects of mate choice do not partition the 
variance they measure, and can therefore only infer the genetic basis for that choice (but 
see Pitcher and Neff, 2007).  Such studies therefore often make the assumption that non-
additive genetic variance is negligible in the evolution of phenotype. Using a REML-
based ANOVA I partitioned the variances in morphological and performance-related 
phenotypic traits and comment on the degree to which genes play a role in the differences 
between mate-choice and random mating. 
 
2.  Mate choice can increase additive genetic variance: 
Contrary to what I expected from the literature, mate choice actually resulted in higher 
additive genetic variance in the Chinook salmon offspring I studied, when compared to 
randomly mated fish.  This is contrary to the largely held belief that mate choice, as a 
form of sexual selection, can erode genetic variation by driving certain phenotypic traits 
towards fixation.  My results may therefore contribute to recent literature attempting to 
explain this ‘lek paradox’ and the maintenance of genetic diversity in the face of such 
selection pressures. 
 
3.  Transcriptome as a phenotype affected by mate choice: 
This study used a novel microarray specifically designed for Chinook salmon that has 
never been previously published.  This is also the first known study to examine the 
effects of sexual selection on the transcriptome. 
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4.5 Future Directions 
 
The chapters of this thesis addressed questions of the influence of mate choice on 
phenotypic variation.  Based on my results I suggest the following areas of future study: 
 
1. Analysis through entire life history  
Raising the offspring of the channel-spawned fish to maturity and studying whether 
secondary sexual characteristics, reproductive success and fecundity are affected by mate 
choice would be invaluable in getting an entire life-history picture of the effect of mate 
choice on lifetime fitness.    
 
2. Multi-generational study 
I suggest that the magnitude of phenotypic divergence between the hatchery-bred and 
channel-spawned fish may be exaggerated after multiple generations of breeding.  
Holding the mate-choice fish to sexual maturation and then raising the second generation 
offspring would allow a multi-generational analysis of phenotypic variance as well as 
minimizing the effect of environment as a factor contributing to phenotypic variance. 
 
3. Cross-fostered groups 
My results would have had more power and may have resulted in better elucidation of the 
mechanisms behind mate choice had I used cross-fostered groups, since it would have 
defined the environmental effects on phenotype.  Transferring eggs from the channel to 
the incubation stacks to be raised side-by-side with the hatchery-bred groups would 
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provide an interesting comparison, as the effect of origin environment could be factored 
out.  The fish would have spent almost all developmental stages in the same environment  
as their hatchery counterparts. 
 
4. Increase genotyping power 
The channel-spawned fish were under-represented in this work as their parentage was 
identified using microsatellite genotypes, and thus the number of fish of known parentage 
was limited by the parental analysis.  Increasing the number of loci at which the channel-
spawned fish were genotyped may have increased the power of the assignment technique 
and helped to increase the sample size of the fish used in this study. 
 
5. Increase the number of families 
The REML-based ANOVA used in Chapter 2 for the channel-spawned fish was highly 
skewed to a few families.  If the sample size was expanded to include more originally 
spawning fish, perhaps enough families would have been available to lend power to the 
analyses. Another solution would be to use replicate channels, so that the patterns I 
observed could be corroborated through time or across different spawning populations. 
 
6. Microarray validation  
Currently, microarray experiments are not considered to be comprehensive measures of 
transcriptome variation without validation using more sensitive techniques, such as 
quantitative real-time PCR.  Indeed, this technique might identify additional 
transcriptional differences in hatchery-bred and channel-spawned fish; however, 
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logistical limitations such as cost and time in development of individual assays would 
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Table I. List of genes, expression ratio with 95%CI and  putative gene functions that 
were differentially expressed in control vs. heat-stressed channel-spawned and hatchery 





(±95%CI) Putative Function 
C-type lectin domain family 4 member E 0.54±0.16* immune 
hyperosmotic glycine rich protein 0.59±0.17* immune 
cysteine proteinase gene 0.59±0.22* metabolism 
Hypothetical protein CBG13349 0.6±0.24* unknown 
C type lectin receptor B 0.63±0.14* immune 
C1 inhibitor (LOC100136072) 0.65±0.28 immune 
Three peptidoglycan recognition protein 0.66±0.32 immune 
Microsomal glutathione S-transferase 3 0.67±0.14* immune 
Epididymal secretory protein E1 0.68±0.12* cell function 
LECT2 neutrophil chemotactic factor 0.69±0.1* immune 
PGRP-D mRNA for peptidoglycan recognition protein-D 0.69±0.22* metabolism 
EST_ssal_rgb2_22586 rgb2 Salmo salar cDNA clone 0.7±0.12* EST 
unknown 0.71±0.22* unknown 
unknown 0.71±0.21* unknown 
CCAAT/enhancer-binding protein beta 0.73±0.2* immune 
nuclease sensitive element binding protein 1 0.74±0.25 transciption/translation 
calpain small subunit 1 0.74±0.16* cell regulation 
unknown 0.75±0.24 unknown 
hypothetical protein (Gallus gallus) 0.75±0.12 unknown 
putative ribosomal protein S8 0.75±0.16* translation 
unknown 0.76±0.13* unknown 
unknown 0.76±0.24 unknown 
RNA binding motif protein 4 0.76±0.22 transcription 
aldehyde dehydrogenase family 7 member A1 homolog 0.76±0.09* metabolism 
Src kinase-associated phosphoprotein 2 0.77±0.11* enzyme regulation 
putative monooxygenase 0.77±0.17* metabolism 
ATP synthase H+ transporting mitochondrial F1 complex alpha1 0.78±0.21 metabolism 
c7-1 complement protein component C7-1 0.79±0.2 immune 
apolipoprotein B 0.79±0.1* cellular function 
UDP glycosyltransferase 2 family, polypeptide A1 0.8±0.18 immune response 
Glutathione S-transferase A 0.8±0.18 detoxification 
C1q-like adipose specific protein 0.8±0.17 immune 




Pituitary tumor-transforming gene 1 0.81±0.17 endocrine 
unknown 0.81±0.15 unknown 
lactate dehydrogenase-A (ldh-a) mRNA 0.81±0.17* metabolism 
DPH3 homolog putative 0.82±0.17 translation 
ribulose-5-phosphate-3-epimerase 0.82±0.16 metabolism 
Eukaryotic translation initiation factor 6 0.82±0.09* translation 
cDNA clone 03RT103P18 (Oncorhynchus mykiss ) 0.83±0.04* unknown 
Zinc finger protein 271 putative 0.85±0.07* transcription 
Small nuclear ribonucleoprotein G 0.85±0.09* transcription 
complement component C8 gamma 0.85±0.1* immune 
YIPF4 putative mRNA 0.87±0.08* transport protein 
P450 monooxygenase 0.88±0.12 metabolism 
serum albumin 1.13±0.1 blood protein 
cellular retinoic acid-binding protein 1.21±0.14* muscle 
Cytochrome c oxidase polypeptide Via 1.25±0.24 metabolism 
Transgelin putative 1.26±0.16* muscle 
Translocon-associated protein subunit delta precursor 1.28±0.16* cellular regulation 
inhibitor of DNA binding/differentiation 2B 1.28±0.25 transcription 
unknown 1.28±0.15* unknown 
voltage-dependent anion-selective channel protein 2 putative 1.29±0.18* apoptosis 
ependymin precursor putative 1.29±0.25 
cell function/neural 
function 
Mitogen-activated protein 1.32±0.13* cell cycle regulation 
G2/mitotic-specific cyclin-B3 1.32±0.27 cell cycle regulation 
Glucose-6-phosphate isomerase 1.32±0.15* metabolism 
unknown 1.32±0.3 unknown 
cAMP-dependent protein kinase catalytic subunit beta 1.33±0.14* cell function 
N-myc downstream regulated family member 3b 1.34±0.21* 
protein 
degradation/tumors 
Guanylin precursor putative 1.34±0.3 protein control 
RNase 2 mRNA 1.34±0.21* RNA degradation 
14-3-3C1 protein 1.35±0.3 heat-shock related 
transposase-like protein 1.36±0.33 
trancription/translation 
deregulation 
Major facilitator superfamily domain-containing protein 4 1.37±0.19* immune 
unknown 1.37±0.35 unknown 
complement component C9 mRNA 1.37±0.16* metabolism 
unknown 1.37±0.16* unknown 
myosin-9 putative 1.37±0.12* cell function 
PPARG, anti-RAF1, iNOS/NOS2 pseudo 1.39±0.17* immune 
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cathepsin L precursor 1.42±0.34 protein degradation 
cathepsin s precursor 1.43±0.4 protein degradation 
L-xylulose reductase putative 1.45±0.4 metabolism 
Interleukin enhancer-binding factor 2 homolog putative 1.47±0.47 immune 
Proteasome subunit beta type 1-A putative 1.48±0.31* protein degradation 
integrin beta-like 1 1.49±0.4 immune 
complement factor H1 protein 1.49±0.47 immune 
Plastin-2 putative 1.51±0.21* immune 
reticulocalbin 3 1.51±0.41 cell function 
cDNA clone tcay0030.d.08 (Oncorhynchus mykiss) 1.51±0.2* unknown 
Eukaryotic translation initiation factor 3 subunit 12 1.52±0.34* translation 
60S acidic ribosomal protein 1.52±0.4 translation 
immunoglobulin light chain L2 1.53±0.25* immune 
oocyte protease inhibitor-2 1.57±0.36* Translation 
unknown 1.59±0.4* unknown 
cathepsin H precursor putative 1.59±0.47 muscle degradation 
unknown 1.59±0.4* unknown 
unknown 1.61±0.43* unknown 
warm temperature acclimation related 65 1.62±0.32* immune 
Guanine nucleotide-binding protein subunit beta-2-like 1 1.63±0.59 
cell function/neural 
function 
unknown 1.63±0.52 unknown 
PGRP-D mRNA for peptidoglycan recognition proein-D 1.63±0.37* metabolism 
heat shock cognate protein 70a (hsc70a) 1.64±0.46* cell function 
No hits found 1.66±0.58 unknown 
elastase 3 precursor 1.67±0.65 immune 
No hits found 1.69±0.68 unknown 
MHC class I b region 1.72±0.39* immune 
Proteasome (prosome macropain) 26S subunit ATPase 1alpha 1.76±0.18* metabolism 
clone lmos8p01a03 (Lithognathus mormyrus) 1.82±0.54* unknown 
RACK1 protein kinase 1.83±0.7 signal transduction 
High choriolytic enzyme 1 precursor 1.83±0.47* proteolytic enzyme 
MRG-binding protein putative 1.84±0.68 transcription 
exinuclease ABC subunits B and C-containing protein 1.96±0.8 transcription/replication 
C type lectin receptor B (LOC100301666) 1.98±0.78 immune 
Ig kappa chain V region K29-213 1.99±0.98 immune 
mitochondrial DNA (Coregonus lavaretus) 2.11±0.61* unknown 
Three peptidoglycan recognition protein (PGRP) genes encoding 
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